Abstract-The engine size of modern passenger transport aircraft is principally determined by take-off conditions, since initial acceleration requires maximum engine power. An electromagnetic launch (EML) system could provide some or all of the energy required at takeoff so that the aircraft engine power requirement and fuel consumption may be significantly reduced. So far, EML for aircraft has been adopted only for military applications to replace steam catapults on the deck of aircraft carriers. This paper will describe the potential application of EML to propel civil aircraft on the runways of modern airports. A comparison of synchronous and asynchronous electrical motor systems designed to launch an A320-200 sized aircraft is presented. The paper also describes a solution of the transient heat transfer problem applied to the conductive components of EML systems.
I. INTRODUCTION
T HIS paper considers the feasibility of different linear motor technologies for an electromagnetic launch (EML) system to assist civil aircraft takeoff. The thrust level that can be delivered by an EML system allows for accelerations that cannot be reached by aircraft engines. The increased acceleration provided by EML systems has the potential to reduce the nominal runway length required by the aircraft at takeoff.
The machine topologies mainly considered for EML are a double-sided linear induction motor (LIM) [1] , a double-sided tubular induction motor [2] , and a linear permanent magnet synchronous motor (LPMSM) [3] . In order to achieve the high thrust requirement for aircraft launch applications these machines need to operate with a high current density. Most of the electrical machines used for continuous operation with similar rated current densities need an active cooling system for the conductive components [4] . High current densities can be exploited in EML systems for the very short duty cycle of the machines, although an active cooling system may be required to cope with the temperature rise after multiple launches. This paper investigates the temperature-time evolution inside electromagnetic launchers in order to evaluate the possibility to adopt only passive cooling techniques.
In the past, detailed thermal analysis of induction motors has been carried out for rotary machines [5] , while this paper focuses on the transient temperature variation on the active area of the conductive plate of the linear counterpart. The thermal analysis of a LPMSM deals with the eddy current losses into the magnets of the synchronous machine and the consequent limits on armature excitation to avoid demagnetization during operation. The temperature variation of the stator coils under the rated current density has been investigated for both linear machine topologies.
The thermal analysis considers the practical thermal limits of the machine topologies, and how these are best exploited in a very short-term rated application such as civil aircraft launching.
II. LAUNCHER REQUIREMENTS
General Atomics developed an EML system that is able to launch jet aircraft as heavy as the F-35C [6] . Table I compares the requirements for the military catapult [7] with those for the launch of an A320-200 aircraft.
The end-speed design requirement for the civil aircraft launcher reported in Table I was established considering a safety margin with respect to the speed at which the aircraft detaches. Since the catapult is connected to the front landing gear, the mover disconnects when the aircraft reaches the 0093-3813 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. nose rotation speed. The nose rotation speed is the minimum reference speed for the pilot to raise the nose landing gear. The nose rotation speed of the aircraft was determined considering aerodynamic performance which allows the aircraft to safely take off in one engine inoperative conditions. This means that even when an engine fails during the take-off procedure, the catapult provides enough speed to allow the aircraft to lift off and maneuver to enable an emergency landing. The engine thrust decrease caused by the temperature under hot-day conditions is also considered to calculate the exact moment when the nose rotation speed is reached. Under the combinations of most disadvantageous environmental and operational conditions the nose rotation speed is about 74.5 m/s [8] . Considering a safety factor of 1.15 the design catapult end-speed in Table I is obtained.
The acceleration intensities delivered by an EML system must not jeopardize safety and comfort of the passengers, irrespective of their physical condition and age. Most civil aircraft accelerates up to 0.3 G since the engines thrust peak is about 30%-35% of the maximum take-off weight. The axial acceleration intensity that a healthy person can withstand for a specific time span is shown in Fig. 1 . This chart is valid only for an axial acceleration acting perpendicularly to the chest of a passenger seated with backrest and headrest [9] .
The duration of the take-off procedure is expected to exceed 12 s which allows a maximum axial acceleration of 2.5 G according to the curve shown in Fig. 1 . In order to take into account all the possible health conditions and ages of the passengers, less than the 50% of the maximum limit should be considered (<1.25 G). Besides passenger safety, the comfort of the passengers plays an important role in the selection of an appropriate acceleration level. Independently of the maximum acceleration that can be withstood, every passenger differently perceives acceleration according to personal and psychological factors. Since discomfort may be caused by low accelerations as well, the rated acceleration considered in this work is conservatively assumed to be 0.6 G. This acceleration guarantees passengers safety and comfort even though it exceeds the usual engines acceleration peak.
The increased acceleration and the consequent reduction of the runway length required at takeoff is one of the major benefits of EML systems. Expensive airport extensions could be avoided by allowing large aircraft to operate from short runways at small airports. Actual runways could respond to air traffic growth through the implementation of an electromagnetic catapult allowing the takeoff of two aircraft simultaneously from the center of the runway accelerating in opposite directions. With a foreseen installation cost of approximately £700 million, an EML system is cheaper than the total expense that is required for the construction of a third runway in Heathrow (£17.6 billion [10] ) or for the runway extension (£14.4 billion [10] ).
The electromagnetic catapult has to provide the same acceleration rate during the whole take-off procedure overcoming the aerodynamic drag and the friction with the runway pavement. The instantaneous thrust F can be estimated as
where m A320 is the mass of the aircraft reported in Table I , μ is the friction coefficient with the ground (0.02 for a paved runway), and D and L are the aerodynamic drag and lift that can be, respectively, computed as
where ρ Air is the air density, S w is the wing surface (approximately 122 m 2 ), v is the speed of the aircraft, C L is the lift coefficient (approximately 2.22), and C D is the drag coefficient (approximately 0.127). The thrust profile needed to accelerate a fully loaded A320-200 aircraft to the required speed and the respective thrust components are shown in Fig. 2 . Since the aerodynamic drag grows with the square of the aircraft velocity, the maximum thrust which is reported in Table I is delivered when the aircraft reaches the maximum speed.
The EML of civil aircraft will allow a reduction in the power required from the engines during initial acceleration which has the potential of reducing the aircraft fuel consumption and exhaust emission at ground level. The take-off analysis estimates 48.6 kg of fuel saving at each takeoff for the reduced usage of the engines [8] . Since the A320-200 engines consume 248.4 kg of fuel at takeoff, the exhaust emission at ground level will decrease by 19.6%. Exploiting the high level of thrust available from an electromagnetic catapult, the engine thrust requirement may be reduced of approximately 8%. With lower thrust requirements, the engine size can be reduced leading to a decrease of the aircraft aerodynamic drag and weight. The new propulsion system configuration would lead to 457 kg of fuel saving across the whole flight and to 20.8% exhaust emission reduction at ground level [8] .
Since an electrical motor with zero nominal noise emission is responsible of providing the required energy to accelerate the aircraft at takeoff, an EML system can significantly reduce noise at the airport. Through the implementation of this system, active engines are only needed at the end of the runway, just before starting the climbing phase. Aircraft engines usually take 4 s to pass from the idle condition to maximum power. Comparing the time that the engines spend a full power between conventional and assisted takeoff, approximately 66% noise emission reduction at ground level may be expected [8] .
III. ELECTROMAGNETIC DESIGN OF LIM AND LPMSM
The electromagnetic performance of the asynchronous launcher was estimated on the basis of the equivalent circuit model of LIMs [11] . The classic equivalent circuit of rotary induction motor was modified to take into account specific LIM phenomena like end effects and edge effects. Using an additional impedance in parallel with the magnetization inductance in the equivalent circuit of rotary induction motors, the dynamic behavior of the linear machine is well represented.
The LPMSM was sized with the aid of the d-q phasor model and applying the multilayer theory (MLT) [11] . Once the number of poles and the winding distribution of the synchronous machine are defined, the MLT allows the reconstruction of the magnetic flux across the motor as well as the computation of the magnetizing inductance. The dynamic action of the fundamental electromotive force of LPMSM is well estimated by the d-q phasor model.
The selection of the geometrical parameters of the LIM and LPMSM is based on a numerical procedure that iterates the equivalent circuit model and the d-q phasor model, respectively, to find the best motor design which is in compliance with the requirements.
The numerical approach that was adopted is based on the sensitivity analysis of the system which determines the impact of the design variables on the model outcomes. The sensitivity analysis allows for a deeper understanding of the relationships between inputs and outputs finding regions in the space of the design variables where the design objectives meet an optimum criterion (including maximization and minimization problems). Sensitivity analysis is particularly suitable to identify the way a model with a large number of parameters "senses" the variations of some design inputs.
This numerical method is performed by running a mathematical model a large number of times for each combination of the input variables. The main outcome of the sensitivity analysis are charts that present in the y-axis the percent variation of an output with respect to its mean and in the x-axis the percent variation of each input variable with respect to its own mean value. The slope of the curves represents the sensitivity of the system to the respective input parameter variation. The selection of the geometrical parameters through the sensitivity analysis approach allows the sizing of the linear electromagnetic launchers to achieve the minimum input power within the design constraints. The performance of the two machine topologies sized using the sensitivity analysis and presented in this paper is shown in Table II . In particular, LPMSM's mover presents a much larger mass due to the high density of the magnetic material.
IV. CURRENT DENSITY LIMIT OF THE STATOR WINDINGS
The rated current density on the primary stator windings shown in Table II is considerably higher than the usual limit of electrical machine without active cooling for continuous operation (∼4 A/mm 2 ) [4] . However, both the machines are formed by several stages each one separately connected to the power supply and fed for a short time. The primary current in each stage flows for a time t which includes the time required by the mover to cross the stage itself and the time taken by the machine to develop its magnetic field.
Since the aircraft accelerates during the launch, the time needed to pass each stage is gradually shorter as the motion progresses. Therefore, the primary windings of the first stage will need to be connected to the power supply for the longest period (∼1.26 s) and will experience the strongest temperature rise.
The time spent to build up the magnetic flux in each stage of the machine depends on the electromagnetic features of the linear motor. Current and magnetic flux reach their rated value after a period that corresponds to approximately five times the time constant of the machine. In a similar way the current takes around five time constants to return to its initial value. Since the current profile during the flux charging and discharging is complementary, the thermal analysis considers the primary current flowing for only five time constants, but at its full rate. For an inductive/resistive electric circuit, for example the equivalent circuit of the induction motor, the time constant is given by the ratio between the primary inductance and the primary resistance. The secondary inductance is not usually considered in the calculation because for double-sided linear motor its value is close to zero and can be neglected [12] .
Thus, the total time the current flows in the first stage can be compute as
where l st is the length of the stage, L is the phase inductance, and R the phase resistance. The temperature increase of the first stage windings can be computed considering the balance over time between the heating due to the electrical energy and the thermal energy gained by the wire material
where c Co is the specific heat capacity of the wire, M Co the mass of the copper, and I 1 the primary current. The integration of the energy balance leads to Onderdonk's law which can be written as [13] 
where T i is the initial temperature and A w the wire area in circular mils.
The results of (6) solved for several current densities are reported in Fig. 3 where the maximum T allowed by the insulation and the T caused by the rated current density are highlighted. The rated current density J = 50 A/mm 2 causes the copper wire to increase its temperature by only 62.3 K after a time t of 4.35 s, as shown in Fig. 3 .
According to the results shown in Fig. 3 , the launcher can operate without any active cooling of the stator windings after the first aircraft acceleration. Even though the temperature raise during a single launch can be handled by the thermal insulation, the launcher has to perform multiple launches to cope with the air traffic of the airport.
In order to model the temperature profile of a coil of the first stage after the current ceases to flow a simple 1-D thermal model is introduced
where k ins is the thermal conductivity of the insulation (Mica 0.528 W/m/K), S wire is the external surface of the wire, b s is the slot width, ρ Co is the copper density, and V wire is the volume of the wire. The analysis is restricted to a single wire since all the turns of a coil behave in a similar fashion. Moreover, the heat transfer model in (7) is only applied to study the temperature evolution of the part of the wire inside a single slot, since the heat flow along the wire length can be neglected. The slowest passive cooling occurs when the wire is located in the middle of the slot with an insulation thickness equal to b s /2, as shown in (7). The integration of (7) for a time span of 10 min yields the result shown in Fig. 4 . Busy airports like Heathrow reach an average number of movements (takeoffs and landings) of about 1300 per day [14] . With this take-off frequency, the time between two consecutive launches may reduce to as little as 90 s during peak times. Within this time the initial coil temperature of 25°C should be passively or actively re-established. According to the curve shown in Fig. 4 , the initial temperature is passively restored after a period longer than 10 min.
The temperature profile shown in Fig. 4 shows that after 90 s the temperature of the coil is 60.5°C. At this time, another launch would heat the stator windings up to a temperature of approximately 123°C. However, the hotter is the motor with respect to its environment the faster it exchanges heat with the surrounding. The temperature of the coil T x at which the heat absorbed during the launch is equal to the heat dissipated through the insulation in 90 s can be computed as
where T is the temperature delta computed by (6) and the constant A is calculated as
Solving (8) with the geometrical data of the linear induction motor yields an equilibrium temperature of 169.6°C. Even though the temperature T x can be handled by high class insulations, the presence of hot spot due to material defects might locally compromise the electrical insulation. Furthermore, the method presented in (8) assumes that each launch causes the same T . The variation of the coil resistivity changes the temperature delta, so that the temperature T x may exceed the insulation limit leading to the need of an active cooling system.
V. THERMAL ANALYSIS OF LIM
The heat transfer problem has been solved to estimate the temperature evolution in the aluminum plate of the LIM's mover during the launch. The thermal conditions of the material under load may affect the structural response of plate and cause creep. Creep is the tendency of a material to deform permanently under high mechanical stresses and heat loads especially when they are applied for a long time. The rate of deformation depends on the applied temperature, structural load, and exposure time. Creep is observed in all metals, provided that the operating temperature exceeds k cr ·T M , where T M is the absolute melting temperature and k cr is a coefficient that depends on the material. The melting temperature of aluminum is 933.3 K (660°C) and the creep coefficient is 0.54 [15] . Under the creep temperature T cr of 504 K (231°C) creep can be neglected.
The temperature of the solid aluminum changes during the launch because of the heat generation due to the induced current and its variation can be described using
where q v is the volumetric heat generation due to Joule losses and ρ Al , c Al , and k Al are the aluminum density, specific heat capacity, and conductivity, respectively. The current density J induced in the secondary was extracted from the 2-D transient finite element analysis (FEA) simulation and implemented in the 3-D thermal model. The third dimension of the FEA data is obtained assuming constant current density along the depth of the motor. The specific Joule losses in the domain are computed from the local current density J and conductivity σ Al as
Equation (10) is solved using the implicit finite difference method which accounts for the heat exchanged through convection across all the boundaries. The amount of heat that crosses the boundary by convection depends on the relative speed between the solid surface and the surrounding air. The temperature of the solid material and the air physical properties affect the boundary heat transfer as well. The convective coefficient expresses the heat transfer between a solid surface and a fluid and takes into account of the state of the fluid and solid media. In an EML system the mover changes speed and its temperature varies because of the Joule losses in the system. In order to correctly describe the instantaneous state of the moving plate the value of the convective coefficient has to be updated according to the change of the system parameters.
The resistance of a conductor to a current flow is the result of the collision between the current electrons and crystallographic structure of the conductor. The temperature of a solid material represents the amplitude of the oscillation of the atoms around their average position in the inner structure. When the oscillations amplitude increases the chances of a collision with the electrons of a current flow also increases. The results is a increment of the conductor resistivity ρ c according to the law
where α c is the temperature coefficient of resistance and ρ 0 is the resistivity at the temperature T 0 . The increment of resistivity and of respective Joule losses is taken into account during the solution of the heat transfer problem. Fig. 5 compares the Joule losses computed by the thermal analysis software with variable resistivity with those computed by the FEA software with constant resistivity. Fig. 5 also shows the total heat exchanged at the boundary through convection. The solution of the heat transfer problem given in (10) yields the time evolution of the temperature over the aluminum plate volume. The skin effect causes the current density to gather close to the aluminum boundary as the frequency increases during the launch. Therefore, the external layer of the aluminum plate is subject to the most severe thermal conditions. The temperature profile on the lateral surface of the mover is captured at different time instants shown in Fig. 6 . The maximum temperature is reached at the end of the launch after 14.57 s, as shown in Fig. 6 . The creep temperature is never reached, as 499.7 K is the maximum temperature obtained on the plate surface. Even though the maximum temperature is close to the creep point, it is reached on a very small area, whereas the average temperature of the mover at the end of the launch is 442.9 K.
Although the additional losses due to the resistivity variation increase, these results demonstrate that the thermal requirement for the aluminum plate is satisfied. Therefore, the launcher can safely operate under the thermal load without permanent deformations due to the creep of material, even without an active cooling system. Nevertheless, when the effect of multiple launches is considered, the temperature on the mover would gradually build up unless the aluminum plate has enough time to passively cool down to the initial temperature or unless it reaches the equilibrium between the heat absorbed during the launch and the heat dissipated through convection. Since the peak temperature computed by the 3-D thermal analysis is very close to the creep point of the material (504 K), any additional launch would cause creep to occur before reaching any heat equilibrium. An active cooling system might be required to bring the plate to its initial temperature before the next launch.
VI. THERMAL ANALYSIS OF LPMSM
The transient heat transfer problem for the LPMSM mover's yoke might be solved adopting the same techniques exploited to determine the temperature transient of the LIM's secondary. However, in this case a 3-D transient thermal analysis is not required for the following reasons.
1) Since the mover is synchronized with the magnetic wave, the eddy currents are induced only by the secondary harmonics. In the LIM the currents induced in the aluminum plate are mainly due to the fundamental wave and the current density reaches higher intensities.
2) The eddy current intensity is further reduced by the low conductivity of the stainless steel.
3) The LIM's aluminum plate is located in proximity to the primary windings where the magnetic flux oscillations are more intense. The stainless steel yoke of the LPMSM is located behind the magnets at a larger distance from the stator coils. 4) Creep becomes a dominant effect when the temperature of the stainless steel exceeds the limit T cr = 0.49 · T M where the melting temperature T M of the material is 1723 K (1450°C). Therefore, the creep temperature limit of stainless steel is about 844 K (571°C) which is much higher than temperature limit of aluminum (504 K or 231°C). Creep is not expected to occur in the yoke material, especially considering that magnets in contact with steel at such a temperature would lose any trace of magnetization. 5) In the hypothesis of perfect thermal insulation between the magnets and the yoke, conduction occurs only between the active area and the passive area of the mover (mover overhangs connected to aircraft and to the guidance systems). To further simplify the problem, the analysis is restricted only to the active area where the eddy currents are generated. At the fictitious boundary surfaces between the active and passive area perfect thermal insulation is imposed. Since the passive area is always colder than the active area, with this assumption the heat that flows across the boundary between the active and passive zone is neglected and the temperature in the active region will be higher than in real applications. 6) Under the previous assumption, the convective heat flows only through the leading edge surface and the trailing edge surface of the active area, since the lateral surfaces are covered by the PMs. Since the heat removed through convection along these surfaces is not significant, convection can be neglected. Perfect thermal insulation is then also imposed along the mover leading and trailing surfaces. 7) As will be further discussed later, heat conduction between the yoke and the magnets is neglected. This assumption does not correspond to what happens in the real application, but it greatly simplifies the analysis without leading to significant errors as far as the temperature delta is limited to a few degrees. The transient heat transfer equation for the yoke under these assumptions reduces to
where ρ ir is material density, c ir is the material specific heat capacity, V yoke is the volume of the mover's yoke and P yoke is the power which is dissipated as heat into the yoke. The time variation of the Joule losses in the stainless steel during the launch was computed through FEA and it is shown in Fig. 7 . The integration of both sides of (14) over the take-off time t TO yields
where T yoke is the average temperature increment.
Integrating the power loss in Fig. 7 yields a temperature difference of approximately 11.6 K. This temperature delta does not represent an issue during a single launch, but a cooling system might be required for multiple consecutive launches. Indeed the heat removed by convection across the yoke surfaces is little, and the mover will take several hours to return to the initial condition even with such a small temperature increase. However, within the time between launches the passive cooling provided by conduction across mover overhangs and across the magnets will allow several consecutive takeoffs without the need for any cooling system.
The thermal heat transfer model is also applied to determine the temperature change of the surface-mounted magnets during the launch, to prevent demagnetization. Demagnetization may be caused by eddy currents induced by the secondary harmonics of the magnetic wave. The intensity of secondary harmonics is particularly significant in a fractional-slot motor like the synchronous launcher under investigation.
A technique that is widely used to reduce the loss in the magnets consists in shortening the eddy current path by segmentation. Each magnet can be segmented in both axial and longitudinal directions. Fifty axial and four longitudinal magnet segmentations were implemented to limit the intensity of the induced eddy current.
Since the eddy current losses in each pole of the magnet array are almost equal, the thermal analysis of the magnets can be restricted to a single pole. Moreover the axial segmentation allows the investigation of the temperature transient of a single internal segment. Considering that neighbor magnet segments undergo approximately the same temperature rise and that the interstices between magnets are filled with a low thermal conductivity glue, the sides of each magnet segment can be considered perfectly thermally insulated. Neglecting the heat exchanged through convection over the small surface exposed to air and the heat conduction to the yoke, the heat transfer problem can be solved analytically by applying
where ρ PM is the magnetic material density, c PM is the permanent magnets specific heat capacity, V PM is the volume of the magnet segment, and P PM is the power loss in a magnet segment.
The loss due to eddy current in the array of magnets that covers the mover is shown in Fig. 8 . The spikes in Fig. 8 are due to the brisk flux variation that occurs when the mover passes from one stage to another. The power loss in Fig. 8 refers to the full PM array on both sides of the mover's yoke, whereas the loss P PM in (15) refers to a single axial segment. The longitudinal segmentation of each magnet pole is neglected by the thermal problem since it does not affect the final solution.
The increase of the magnet average temperature can be calculated solving (15) as
The integration of (16) yields a temperature rise of 0.37 K which is manageable by passive cooling even in the hypothesis of multiple launches.
VII. RESULTS AND CONCLUSION
The optimization of the electromagnetic performance of an EML alone does not lead to a viable configuration for a civil aircraft application without thermal validation of the design. For instance, the thermal analysis of the coils of the first stage of the linear induction motor presented in Section IV showed that without active cooling the temperature would gradually rise above the insulation limit as a consequence of multiple launches and resistivity increase. The extra heat should be actively removed with the aid of fans located along the track. Since the mover takes the longest time to cross the first stage, the current will not heat the windings of all the other stages in the same way and the actual motor configuration will require an active cooling system only along the first part of the track. In order to prevent the use of an active cooling system, the electromagnetic design should be modified to allow lower rated current density to flow in the first stages of the machine.
The thermal analysis of the LIM's mover presented in Section V has crucial importance in the selection of the proper value of the aluminum thickness, which is proportional to the plate thermal capacity. Shorter aluminum thickness would increase the electromagnetic performances, but would rise the plate temperature above the creep limit. The aluminum thickness that was selected for LIM's mover is large enough to prevent sharp temperature rise and plastic deformation due to the creep of the material.
It may be argued that an active cooling system might be used to remove the additional heat losses in order to keep the value of the aluminum resistivity constant and further reduce the plate thickness. However, a cooling system that acts on a moving object along the track is impractical and difficult to implement. An alternative method that can be exploited to maintain the aluminum resistivity around the desired value is by cooling the plate at liquid nitrogen temperature before the launch. The resistivity would eventually rise, but not to the point reached without any precooling.
In order to cope with multiple launches, the mover has to be actively cooled down to environmental temperature after each launch. Unlike the primary coils studied in Section IV, the mover for the next takeoff can be different from the one used in former launch. Every mover can be reused as soon as the initial temperature is passively restored without the need of a cooling system, but this solution will increase the system complexity.
The thermal analysis of LPMSM presented in Section VI showed that surfaced-mounted magnets do not suffer from thermal demagnetization even after multiple launches as long as longitudinal and axial segmentation is applied appropriately. Since the temperature increase in a magnet segment is very little and magnet lamination increases cost and installation complexity, the selected number of axial and longitudinal segments can be reduced.
The component of the LPMSM's mover that experiences the greatest temperature rise is the stainless steel yoke. The temperature difference between yoke and magnets generates a heat flow that tends to cool down the yoke and heat up the magnets. However, the low conductivity of the glue used to stick the magnets on the mover's yoke and the short duration of the launch impede the attainment of thermal equilibrium during the acceleration and the temperatures of the mover's components are not expected to vary much from the values found in the presented simplified analysis. At the same time the temperature difference between yoke and magnets does not generate heat flows that strongly affect the temperature distribution on the mover during the launch. The implementation of a yoke with axial segmentations might further reduce the eddy current loss in the material and completely remove the need for active cooling, even with many consecutive launches separated by a short time span.
In conclusion, if only a passive cooling system is desired along the track of LIM, the electromagnetic design methodology that determines the parameters of the motor in Table II , must be combined with the thermal analysis to select the rated current density of each stage and the mover thickness. Although the aluminum plate withstands the temperature increase caused by a single launch, an active cooling system is needed to cool down the mover at the end of the acceleration to cope with multiple launches.
On the contrary, the electromagnetic design procedures used to size the LPMSM defined in Table II lead to a machine configuration which is also particularly efficient from the thermal point of view. A passive cooling system will suffice to keep PMs and mover yoke at the desired temperature even with several consecutive launches. The stator windings of the LPMSM do not suffer the same temperature increase of LIMs for the shorter time constants: reduced inductance and comparable resistance in (4) . Therefore, the rated current density can be applied to the LPMSM's stator windings without any particular precaution.
